Alternative N fertilizers that produce low greenhouse gas (GHG) emissions from soil are needed to reduce the impacts of agricultural practices on global warming potential (GWP). We quantifi ed and compared growing season fl uxes of N 2 O, CH 4 , and CO 2 resulting from applications of diff erent N fertilizer sources, urea (U), urea-ammonium nitrate (UAN), ammonium nitrate (NH 4 NO 3 ), poultry litter, and commercially available, enhanced-effi ciency N fertilizers as follows: polymer-coated urea (ESN), SuperU, UAN + AgrotainPlus, and poultry litter + AgrotainPlus in a no-till corn (Zea mays L.) production system. Greenhouse gas fl uxes were measured during two growing seasons using static, vented chambers. Th e ESN delayed the N 2 O fl ux peak by 3 to 4 wk compared with other N sources. No signifi cant diff erences were observed in N 2 O emissions among the enhanced-effi ciency and traditional inorganic N sources, except for ESN in 2009. Cumulative growing season N 2 O emission from poultry litter was signifi cantly greater than from inorganic N sources. Th e N 2 O loss (2-yr average) as a percentage of N applied ranged from 0.69% for SuperU to 4.5% for poultry litter. Th e CH 4 -C and CO 2 -C emissions were impacted by environmental factors, such as temperature and moisture, more than the N source. Th ere was no signifi cant diff erence in corn yield among all N sources in both years. Site specifi cs and climate conditions may be responsible for the diff erences among the results of this study and some of the previously published studies. Our results demonstrate that N fertilizer source and climate conditions need consideration when selecting N sources to reduce GHG emissions.
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Atmospheric Emissions of Nitrous Oxide, Methane, and Carbon Dioxide from Diff erent Nitrogen Fertilizers K. R. Sistani,* M. Jn-Baptiste, N. Lovanh, and K. L. Cook I ncreasing demand for food and agricultural products directly relates to increased greenhouse gas (GHG) emissions, particularly for the three primary gases associated with agriculture-nitrous oxide (N 2 O), carbon dioxide (CO 2 ), and methane (CH 4 ) (Follett et al., 2005) . Th e atmospheric concentrations of these gases have increased signifi cantly and are projected to continue to do so according to the report by the Intergovernmental Panel on Climate Change (IPCC, 1996) . Th e total GHG emission for the United States in 2004 was estimated as 84.6% from CO 2 , 7.9% from CH 4 , 5.5% from N 2 O, and 2% from other sources (USEPA, 2005) . A mole of CO 2 , CH 4 , and N 2 O is defi ned to have a global warming potential (GWP) of ?1, 21, and 300, respectively. Th erefore, even though non-CO 2 GHGs represent only a small percentage of the GHG mixture, they can make a sizable contribution to the total GWP (Robertson and Grace, 2004) .
Agriculture is responsible for 7.7 Tg of CH 4 or 2% of the total GHG emissions in the United States, derived mainly from animal production and manure handling and storage. Soils are considered to be sources and sinks for many GHGs. For example, the net balance of CH 4 fl ux depends on two processes-methanogenesis (production by microorganisms under anaerobic conditions) and methanotrophy (consumption by microorganisms) in the soil (LeMer and Roger, 2001) . Preventing the emission of one molecule of CH 4 or N 2 O has the same eff ect as sequestering ?20 and 300 molecules of CO 2 , respectively. Preindustrial levels of atmospheric CO 2 concentration were estimated at 290 to 295 ppm (μg L -1 ) (Bolin et al., 1979) . However, it is predicted that the CO 2 concentration could reach 500 ppm (μg L -1 ) by the end of the 21st century (IPCC, 1996) . Nitrogen is one of the most important nutrients required for the survival of all living organisms and it is ubiquitous in the environment. Commercial inorganic N fertilizers and organic N sources, such as animal manure, stimulate N losses mainly in the form of N 2 O and volatilization through biochemical processes of nitrifi cation (aerobic) and denitrifi cation (anaerobic) Halvorson et al., 2008; Snyder et al., 2009 ). Eghball (2002 and Edmeades (2003) also reported that animal manure application to soil as an alternative plant nutrient may be very benefi cial; however, manure addition to soil may increase the production of GHG emissions (Chang et al., 1998; Hayakawa, et. al., 2009; Sistani et. al., 2010) . Of all the sources of global warming potential in cropping systems, none are more poorly quantifi ed than N 2 O production. Th is represents a big knowledge gap regarding the role of N 2 O in global warming, considering the fact that its GWP is ?300 times greater than that of CO 2 in agricultural systems (Robertson and Grace, 2004) . Nitrous oxide is oxidized in the stratosphere to form other nitrogen oxides (NO x ) that participate in photochemical processes that destroy atmospheric ozone (Duxbury, 1994) . Human-induced emission of N 2 O is presently increasing by ?150 Tg N yr −1 to provide food and energy for the growing world population (Mosier et al., 2002) .
Commercially available enhanced-effi ciency N fertilizers, such as those containing nitrifi cation inhibitors, urease inhibitors, and slow-release fertilizers, can potentially increase N-use effi ciency by crops and reduce N losses. Th e USEPA (2009) reported that ?67% of the total U.S. N 2 O emissions are credited to agriculture. Recent reports indicate that N sources may impact N-use effi ciency and N loss as N 2 O (Delgado and Mosier, 1996; Bolan et al., 2004; Akiyama et al., 2010; Halvorson et al., 2010a,b; Venterea et al., 2005 Venterea et al., , 2010 . Although several researchers have evaluated the impact of enhanced-effi ciency N fertilizers on GHG (mainly N 2 O) emissions, there are still many questions regarding these products, such as their infl uence on all three major GHG emissions, including CO 2 and CH 4 . Th e impact of combining urease inhibitors and nitrification inhibitors with animal manure (e.g., poultry litter) on GHG emissions is unknown. Th erefore, the objective of this study was to quantify N 2 O, CH 4 , and CO 2 emissions from application of several commonly used inorganic N fertilizersurea, urea-ammonium nitrate (UAN), ammonium nitrate (NH 4 NO 3 ), and commercially available, enhanced-effi ciency N fertilizer sources as follows: polymer-coated urea (ESN), SuperU, UAN + AgrotainPlus, plus poultry litter, and poultry litter + AgrotainPlus under no-till corn production (Super U and AgrotainPlus contain urease and nitrifi cation inhibitors).
Materials and Methods
Field experiments were conducted in 2009 and 2010, in which corn was grown for grain on a Crider silt loam soil (fi ne-silty, mixed, active, mesic, Typic Paleudalfs) with 2 to 4% slope near Bowling Green, KY, USA (36°59′25″ N; 86°26′37″ W). Th e region has a temperate climate with a typical mean temperature of 14.5°C and rainfall of 1300 mm yr
. Th is study was established as no-till under continuous corn production. Th e soil textural analysis was 3.1% sand, 65.3% silt, and 31.6% clay, soil organic matter 25 g kg
, and pH 5.8. Th e average residual soil inorganic N measured in each spring before treatment applications were 8.2 mg kg −1 (NH 4 -N) and 4.0 mg kg −1 (NO 3 -N) in 2009; and 72.5 mg kg −1 (NH 4 -N) and 3.4 mg kg −1 (NO 3 -N) in 2010. We quantifi ed and compared growing season fl uxes of N 2 O, CH 4 , and CO 2 , resulting from application of 168 kg N ha −1 from six inorganic chemical N fertilizers and poultry litter (based on 55% N availability for plant uptake). Th e nine treatments evaluated in this study consisted of dry granular urea (46% N), liquid UAN (28% N), ammonium nitrate (NH 4 NO 3 ) (34% N), ESN (44% N), SuperU (46% N), UAN + AgrotainPlus (28% N), poultry litter (3% N), poultry litter + AgrotainPlus (3% N), and a control treatment that received no chemical fertilizer or poultry litter.
Th e ESN is a controlled-release, polymer-coated urea, with a registered trademark of Agrium Advanced Technologies, Loveland, CO. Th e ESN is permeable to water and gradually releases N during the growing season with faster release with increasing moisture and temperature. Th e SuperU is a registered trademark of Agrotain International, St. Louis, MO, which contains urease [N-(n-butyl)-thiophosphoric triamide] and nitrifi cation (dicyandiamide) inhibitors that are uniformly distributed through the granule during the manufacturing process. Th e AgrotainPlus added to UAN and poultry litter is also a registered trademark of Agrotain International and contains the same urease and nitrifi cation inhibitor as SuperU. AgrotainPlus was mixed with poultry litter (0.5 g kg −1 poultry litter) and UAN (9.5 g L −1
) before application. Th e application rate for the AgrotainPlus was suggested by the manufacturer (Agrotain International).
Corn ( 141). All N treatments, except UAN and UAN+AgrotainPlus, were surface broadcasted by hand without incorporation. Th e UAN and UAN+AgrotainPlus were applied with a six-nozzle, handheld boom attached to a CO 2 -pressurized backpack sprayer. Nitrogen treatments were applied on the same plots each year after corn planting. Corn was harvested as grain in September by handpicking the two center rows of each plot for a harvest area of 1.5 m by 6.1 m. Th e experimental design was a randomized complete block with three replications.
Greenhouse gas emissions were measured during the growing seasons using static, vented chambers (Livingston and Hutchinson, 1995) Mosier et al. (2006) . Measurements were generally made two to three times per week during the growing seasons, midmorning of each sampling day. Th e chambers used were made of aluminum and measured 10 cm tall. At each fl ux measurement time, the chambers were placed in a water channel on fi xed anchors (38 cm wide and 102 cm long). After treatment applications, one anchor was forced into the ground to a depth of 15 cm in each plot such that they were fl ush with the soil surface. Anchors were installed each year 1 to 3 d before beginning measurements and were not removed until fall. Th e anchors were placed such that the 102-cm length was parallel to the corn rows. Plants emerging inside the measurement area were removed. Duplicate fl ux measurement sites were included within each replicate of each treatment plot for a total of six gas measurements per treatment each sampling date. Air samples (40 mL) from inside the chambers were collected by syringe at 0, 15, and 30 min after the chambers were seated on the anchors. Th e air samples were injected into 20-mL evacuated vials that were sealed with gray butyl rubber septa. Samples were analyzed with a gas chromatograph (CP-3800, Varion, Inc., Palo Alto, CA) equipped with a thermoconductivity detector, fl ame ionization detector, and electron capture detector for quantifi cation of CO 2 , CH 4 , and N 2 O, respectively. Quality control standards were analyzed every 25 samples during the analysis of unknowns. Fluxes were calculated for each gas from the linear or nonlinear (Hutchinson and Mosier, 1981) increase in concentration (selected according to the emission pattern) in the chamber headspace with time as suggested by Livingston and Hutchinson (1995) . To calculate the cumulative growing season fl uxes, estimates of daily N 2 O, CO 2 , and CH 4 emissions between sampling days were calculated using a linear interpolation between adjacent sampling dates.
Volumetric soil water content (0-to 15-cm depth) and soil temperature (15-cm depth) were monitored at each gas sampling event using 5TM soil moisture and temperature probes (Decagon Devices Inc., Pullman, WA). Water-fi lled pore space (WFPS) was calculated according to the soil bulk density (measured by core method) at 0-to 15-cm depth and a particle density of 2.65 Mg m −3 (Linn and Doran, 1984) . Precipitation data were collected from a nearby (1 km) weather station (Western Kentucky University Research Farm) during the growing seasons. Diff erences in growing season cumulative GHG emissions among N treatments and years were determined by analysis of variance using PROC GLM procedure (SAS Institute, 2001 ). Blocks were considered as random factor and year as repeated measurement. All statistical comparisons were made at α = 0.05 probability level using Fisher's protected least signifi cant diff erence to separate treatment means.
Results and Discussion

Environmental Factors
Figures 1 and 2 show air and soil temperatures, WFPS, and daily growing season precipitation in the 0-to 15-cm soil depth at the GHG sampling dates in 2009 and 2010, respectively. In 2009, total precipitation during corn growing season (May-October) was 835 mm, which was 189 mm more than 2010 (646 mm). Soil temperature followed the air temperature pattern, with lower than 20°C in early May followed by a high of 26°C in early July and then stayed lower than 25°C the rest of the sampling period in 2009. In 2010, soil temperature was higher than 2009 during the fi rst 3 wk after N applications (Fig. 1, 2) . Th e WFPS is a practical index of soil aeration, which greatly impacts the activities of aerobic or anaerobic microorganisms with regard to nitrifi cation or denitrifi cation following N application. In both years during the early sampling dates (May and June), WFPS was more than 60%, whereas during midseason (July-August), WFPS was less than 60% ( Fig. 1, 2) . Average WFPS during the sampling periods were 66% and 45% for 2009 and 2010, respectively.
Nitrous Oxide Fluxes
Since the interaction between N source and year for all three gases was signifi cant, results are presented separately by year. Environmental factors, such as precipitation and temperature, may have caused the signifi cant interaction. Th e average precipitation and air temperature for the 10 d following treatment applications were 55.1 mm and 17.0°C for 2009, whereas they were 16 mm and 24.2°C for 2010.
Daily N 2 O fl uxes increased rapidly following the application of all N treatments (except ESN), particularly poultry litter, NH 4 NO 3 , and UAN in 2009 (Fig. 3) , and poultry litter in 2010 (Fig. 4) . Nitrous oxide fl uxes were highest the fi rst (Fig. 1, 2 ) in the fi rst 45 d after treatment application. Th is suggests that soil condition may have been anaerobic and dominated by denitrifi cation processes in 2009. Th e daily fl uxes of N 2 O were greatest for poultry litter, followed by NH 4 NO 3 , UAN, and ESN in both 2009 and 2010. Th e loss of N 2 O from poultry litter was consistently greater in both years. We speculate that N 2 O was lost during the process of mineralization of N in litter since most of the litter N is in organic or NH 4 -N forms. Chantigny et al. (2010) reported greater N 2 O emissions from liquid swine manure application to a loamy soil. Th ey suggested that apart from WFPS, C availability likely had more infl uence on N 2 O emissions from the loam soil. Hence, this may have contributed to the high N 2 O emissions from poultry litter compared with inorganic N fertilizers in this study since poultry litter contains a high level of available C, which could stimulate microbial activities. Hayakawa et al. (2009) also reported that N 2 O emission rates from organic fertilizer treatments were larger than that from chemical fertilizer treatments, possibly because organic C stimulated denitrifi cation. Th ey measured the highest N 2 O fl ux from pelleted poultry manure after a rainfall following fertilization. Addition of AgrotainPlus to litter or UAN did not impact the quantity of N 2 O fl uxes (Fig. 4) . Th is is in contrast with results obtained by Halvorson et al. (2010a) , perhaps because of diff erences such as rain-fed vs. irrigated, broadcast vs. band application, soil properties diff erences such as soil pH, soil texture, soil organic matter, and other environmental factors, such as air temperature and rainfall.
Cumulative (Fig. 6) . We think that similar to daily fl uxes of N 2 O, the cumulative fl uxes were greatly infl uenced by environmental factors, such as soil temperature and soil moisture (WFPS). Th e signifi cant rainfall precipitation the same day or the day after treatment applications may have helped urea become dissolved in the water and percolate into soil quickly, resulting in less N losses as N 2 O and volatilization, while neutralizing the advantage of SuperU, which contains urease inhibitor. Leaching of N to deeper soil sections may have also contributed to less N 2 O emission in the case of NH 4 NO 3 , UAN, and UAN+AgrotainPlus. In both years, the enhanced-effi ciency N sources were not eff ective in reducing N 2 O-N fl ux compared with urea and UAN, but SuperU was less than NH 4 NO 3 in 2009. However, other researchers, such as Halvorson et al. (2010a,b) , have reported signifi cant reduction of N 2 O-N fl uxes credited to enhanced-effi ciency N sources. 
Grain Yield
In 2009 and 2010, there was a signifi cant increase in corn grain yield with the application of 186 kg ha −1 when compared with control treatment. Th ere was no signifi cant diff erence in grain yield among all N sources in both years (Table 1) . However, averaged across all N sources, corn grain yield (10.5 Mg ha 
Methane and Carbon Dioxide Fluxes
In both 2009 and 2010, the daily CH 4 emissions were highly variable, particularly in 2010 for all treatments (Fig. 7, 8 ). In 2010, there were many negative values for CH 4 fl uxes at different sampling dates. However, the average growing season was negative only for UAN. It is not clear why the CH 4 had a negative emission value in 2010; however, we believe that soil moisture (WFPS) and temperature conditions had the most impact on CH 4 because the larger negative values coincide with WFPS much less than 30% for almost all treatments. Additionally, 2010 recorded 189 mm less precipitation than 2009. Th e negative values refl ect the system's uptake of CH 4 , meaning the consumption of CH 4 by aerobic methanotrophs exceeds the production of CH 4 , which is via anaerobic methanogens. Th e cumulative growing season CH 4 -C was greater in 2009 (SuperU, 43 g C ha ) for all N sources except ESN. Poultry litter produced the highest CO 2 fl ux early in the growing season (fi rst 2 wk) in both years (Fig. 9, 10 ). Poultry litter treatment had signifi cantly greater cumulative growing season CO 2 emissions than the rest of the treatments in both years (Fig. 5, 6 ). However, no signifi cant diff erence was observed among other treatments, including control, except for Super U in 2009. Th e cumulative growing season CO 2 emission for diff erent N sources in our study are greater than those reported by Halvorson et al. (2010a,b) , potentially due to diff erences in cropping system, tillage management, and site-specifi c conditions, such as soil microbial community, soil texture, soil organic matter content, soil pH, growing season soil moisture, drainage conditions, and soil temperature.
Conclusions
Nitrous oxide fl uxes resulting from urea, UAN, SuperU, and NH 4 NO 3 applications peaked within the fi rst 2 wk after application, but, N 2 O fl ux peaks from ESN occurred much later. Cumulative growing season N 2 O emissions were greater with poultry litter compared with the enhanced-effi ciency fertilizers in both years. Th e sequence of N 2 O-N emission reductions for all treatments were as follows: SuperU = UAN = urea < ESN = NH 4 NO 3 = poultry litter for 2009, and SU = UAN = ESN = urea = NH 4 NO 3 < poultry litter for 2010. Th e CH 4 and CO 2 emissions were not impacted by N source but more by environmental factors, such as soil temperature and soil moisture.
Th ere was no signifi cant diff erence in corn grain yield among all N sources in both years. However, averaged across all N sources, corn grain yield in 2009 was greater than 2010. Th e results of this study show that additional work is needed to further evaluate the potential of enhanced-effi ciency N fertilizer sources in reducing N 2 O emissions in nonirrigated cropping systems in humid areas. Our study also indicates that selection of N source can be an important management practice for reducing N 2 O emissions to the environment.
